Raman spectra of aqueous yttrium perchlorate, triflate (trifluoromethanesulfonate), chloride and nitrate solutions were measured over a broad concentration range (0.198-3.252 (aq) at 100, 166, 234 and 320 cm −1 confirming that a hexa-hydrate is not compatible with the hydrated species in solution. In yttrium chloride solutions contact ion pair formation was detected over the measured concentration range from 0.479-3.212 mol L 
Introduction
Yttrium is a silvery-metallic transition metal in group 3 and chemically similar to the lanthanides. Yttrium is almost always found combined with the lanthanides in rare earth minerals but is never found in nature as a free element. The most important use of yttrium is in making phosphors and also in the production of electrolytes, electronic filters, lasers and superconductors. [1] [2] [3] Its radioactive isotope, 90 Y, has a wide use in radiation therapy to treat cancer. 4 Yttrium has no known biological role though it is found in most, if not all, organisms and tends to concentrate in the liver, kidney, spleen, lungs, and bones of humans. 5 The coordination numbers in crystalline Y 3+ -compounds vary widely from 3 to 12 6 but eight and nine fold coordination are the most frequent. [7] [8] [9] [10] [11] In aqueous solution, yttrium exists exclusively in the trivalent state, Y 3+ , and the ion is strongly hydrated judging by its high hydration enthalpy, 3 due to its high charge to radius ratio. The hydration number for Y 3+ in aqueous solution was determined based on structural techniques such as X-ray diffraction (XRD), anomalous X-ray diffraction (AXD) and large angle X-ray scattering (LAXS). [12] [13] [14] [15] [16] The local structure of aqueous Y 3+ salt solutions was also studied applying extended X-ray absorption fine structure (EXAFS), and X-ray absorption fine structure (XAFS) methods. [17] [18] [19] [20] A combined study of neutron scattering and EXAFS measurements applying reversed modeling on YCl 3 (aq) must be mentioned. 21 A summary of experimental structural results is presented in Table 1 . From the Table, it is clear that Y 3+ is hydrated by 8 water molecules in the first-shell forming a squareantiprismatic geometry. The Y 3+ -O bond distance was found at 2.366 Å. In addition to the experimental work, a computer simulation significantly contributed to clarifying the details of the structure and dynamics of the waters in the first hydration shell of Y 3+ . 22 This simulation study confirmed the Y 3+ octahydrate and its square antiprismatic geometry. Furthermore, the structural results show that X-ray measurements and EXAFS investigations were carried out at high and low solute concentrations using different anions as counter ions. This, however, poses a problem because contact ion pairs may form in concentrated solutions and this fact has been reported in an earlier XRD study on yttrium selenate solutions. 12 A recent notable structural study on an aqueous 1 mol kg −1 YCl 3 solution applying a local structure refinement model of disordered material 21 revealed contact ion pairs between Y 3+ and Cl − .
Raman spectroscopy which probes the immediate environment of metal ions in solution was frequently used to study hydrated cations by measuring the vibrational modes of a [M(H 2 O) n ] x+ species. [23] [24] [25] [26] [27] [28] A highly polarized band in the 250-550 cm −1 region due to the symmetrical metal-oxygen mode of the hydrated cation is the most characteristic peak. This peak is sensitive to possible ion pair formation. Occasionally, all the bands of the metal-oxygen modes may be observed and used to support the assignment of the point group symmetry and coordination number in aqueous solution. Raman scattering measurements on Y 3+ (aq) should allow, in principle, the characterization of the solution structure in greater detail. However, aqueous Y 3+ solutions were measured by Raman spectroscopy only on a few occasions. 16, 17, 29 Due to the limitations of Raman spectroscopic technique at the time, the quality of the spectra in the low frequency range 17, 29 was poor.
Furthermore, no reduced spectral treatment of the data in the low frequency range was applied. It has been shown on a variety of aqueous metal salt solutions that for meaningful Raman spectroscopic analysis, reduced spectra (spectra in R-format) are necessary in the terahertz frequency range [23] [24] [25] [26] [27] [28] in order to account for the Bose-Einstein correction and scattering factor. 23, 30 The present study was undertaken to characterize the hydration and speciation in aqueous Y 3+ . In a variety of di-and trivalent metal ion solutions with chloride and nitrate as counterions, however, it has been shown that these anions readily form complexes [24] [25] [26] [27] [28] and the question arises as to whether these complexes also occur with Y 3+ (aq). Specifically, the following aqueous systems were measured by Raman spectroscopy at 23°C: Y(ClO 4 ) 3 and Calculations on yttrium-water clusters with six and eight waters in the first sphere were considered applying density functional theory (DFT) in the gas phase. However, gas phase clusters do not reflect the aqua-cluster geometry nor the vibrational modes of metal ions in solution [23] [24] [25] [26] [27] [28] and therefore, Y 3+ -clusters with a polarizable dielectric continuum were simulated in order to take into account the effects of the bulk solvent. Frequency calculations were carried out via the calculation of the second derivative of the energy with respect to the nuclear positions of Y 3+ -water clusters.
Experimental details; data analysis and DFT calculations on Y 3+
-water clusters
A. Preparation of solutions
The yttrium ion concentrations of all solutions were analysed by complexometric titration. 31 The solution densities were determined with a pycnometer at 23°C and the molar ratios water per salt were calculated (R w -values). For Raman spectroscopic measurements the solutions were filtered through a fine sintered glass frit (1-1.6 µm pore size). The solutions showed no Tyndall effect and were "optically empty". 
B. Spectroscopic measurements
Raman spectra were measured in the macro chamber of the T 64000 Raman spectrometer from Jobin Yvon in a 90°scatter-ing geometry at 23°C. These measurements have been described elsewhere. 30, 33 A quartz cuvette from Hellma Analytics (Müllheim, Germany) with 10 mm path length and a volume 1000 µL was used. Briefly, the spectra were excited with the 514.532 nm line of an Ar + laser at a power level of 1100 mW at the sample. After passing the spectrometer in subtractive mode, with gratings of 1800 grooves per mm, the scattered light was detected with a cooled CCD detector. I VV and I VH spectra were obtained with fixed polarization of the laser beam by rotating the polarizator at 90°between the sample and the entrance slit to give the scattering geometries:
and
The isotropic spectrum, I iso is then constructed:
The polarization degree of the Raman bands, ρ (ρ = I VH /I VV ) was determined using a polarizer and if necessary adjusted before each measuring cycle using CCl 4 . A detailed account on this procedure may be found in ref. 30 and 33. In order to obtain spectra defined as R(ν) which are independent of the excitation wavenumber ν L , the measured Stokes intensity should be corrected for the scattering factor (ν L − (ν)) 3 . In the case of counting methods used, the measured count rates were corrected with the factor (ν L − (ν)) 3 .
The spectra were further corrected for the Bose-Einstein temperature factor, B = [1 − exp(−hνc/kT )] and the frequency factor, ν, to give the so called reduced spectrum, R(ν). It is also possible to calculate the isotropic spectrum in R-format from the corrected R VV and R VH spectra according to eqn (4):
In the low wavenumber region, the I(ν) and R Q (ν) spectra are significantly different and only the spectra in R-format are presented. It should be noted that one of the advantages of using isotropic R-spectra is that the baseline is almost flat in the 50-700 cm −1 wavenumber region allowing relatively unperturbed observation of the presence of any weak modes. 23, 30, 33 C. DFT calculations
The calculations were carried out using the Gaussian03 package 34 employing the unrestricted B3LYP functional. 35 shows a larger value compared to the experimental Y-O bond distance (lack of bulk water). These DFT results are given in Table 2 together with the experimental data and a CarParrinello molecular dynamics (CPMD) simulation result.
22
A Y 3+ -hexa-hydrate was also successfully optimized but a noticeably smaller Y-O bond distance ( 6 ] 3+ in the gas phase and modelled with a solvation sphere are also given in Table S2 . † (In contrast to solution state, in crystalline compounds CNs vary from 3-12. the YO 8 skeleton possesses no symmetry centre, the mutual exclusion rule is nevertheless effective. The 7 modes with the character a 1 , e 2 and e 3 are Raman active while the six modes with the character b 1 , b 2 and e 1 are infrared allowed. The symmetric Y-O stretch, the breathing mode, is only Raman active and appears strongly polarized in the Raman spectrum as the strongest band of the skeleton. Two additional depolarized Raman active stretching modes are expected (character e 2 and e 3 ) as well as four other Raman deformation modes (character a 1 , e 2 and e 3 ). In I.R., two stretching modes (character b 2 and e 1 ) are expected and the remaining are deformations. In reality, however, the skeleton modes may not always be easily detected because they appear quite broad, weak and even obscured.
Considering the coordinated water molecules of the [Y(OH 2 ) 8 ]
3+ cluster, the internal and external n.m.'s of the water molecules may be divided into 24 internal and 24 external vibrations. These vibrations are derived from the rotational-and translational degrees of freedom of the isolated water molecule. The n.m.'s of these waters, the external modes, are librations such as wag, twist, and rock. 43 Generally, the water molecules in the metal-aqua complexes possess weak, very broad modes below 1200 cm −1 . In addition to these librations, internal water modes are observed: the deformation mode, ν 2 (H 2 O) and two stretching OH modes, ν 1 and ν 3 . The deformation mode in liquid water is found at 1640 cm −1 and the stretching modes at ∼3400 cm −1 appear as a very broad structured band of H-bonded water molecules. The water modes are modified when coordinated to metal ions such as Y 3+ but are difficult to separate from the contributions of the librational and internal water modes of the bulk phase. In neat liquid water, the H-bonded water molecules show broad and weak librational modes and internal water modes, the deformation band, δ H-O-H, and the stretching O-H bands. 43 Spectra of liquid water and heavy water, bands and band assignments are given elsewhere. [44] [45] [46] The hydration sphere of Y 3+ (aq) is somewhat labile and a water-exchange rate constant k ex at 25°C was given at 2 × 10 3 (aq) reveal, in addition to the perchlorate-bands, weak bands in the terahertz frequency region in the R VV orientation which will be discussed further below (Fig. 2, upper panel) 
Relative intensity measurements confirm that the scattering intensity of the ν 1 Y-O mode is very weak with the scattering coefficient, S h = 0.0380. The S h values, defined as the R-corrected relative scattering efficiency of the M-O bands, were published for a variety of stretching modes of hexa-aqua metal ions in solution. 24, 25, 27, 28 The ν 1 breathing mode for 
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This journal is © The Royal Society of Chemistry 2015 cluster, four other modes appear at 100.5, 166, 233.5 and 319.5 cm −1 in the anisotropic scattering (Fig. 4) 100.5 (dp) 78 50 90 (dp) 33.5 76 166 (dp) 696 87.5 143 (dp) 138 69.8 233.5 (dp) 570 63 221 (dp) 189 63 319.5 (dp) 331 67 302.5 (dp) 131 53 382 (pp) 3410 58 365 (pp) 2050 53 dp = depolarized mode; pp strongly polarized. 351 cm −1 and in satisfactory agreement with the measured value at 365 cm −1 ( The triflate in aqueous solution acts as a non-complexing anion and is suited therefore for studying metal ion hydration. Band parameters and assignments of CF 3 SO 3 − (aq) modes are given in Table S4 . †
YCl 3 (aq)
An overview Raman spectrum of a 3.212 mol L 
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To further verify chloro-complex formation in YCl 3 (aq), addition of excess HCl was investigated. Isotropic spectra of increase in Cl − concentration and the first equilibrium steps according to the eqn (6) may be formulated:
Results of anion exchange experiments of metal ions in aqueous HCl(aq) including Y 3+ showed that yttrium has a negligible adsorption. 59 Therefore, higher Y 3+ -chloro-complexes (complex anions) with n > 3 may be ruled out. The formation of a second complex cation, the di-chloro-complex according to eqn (7) may be possible:
The estimated value of the log β 1 for eqn (5) equal to ∼0.1 reveals the weak nature of the chloro-complex in YCl 3 (aq) at 23°C. Thermodynamic data on YCl 3 (aq) confirm the weak nature of the complex/complexes and equilibrium constants for reaction 6 may be found in ref. 60 . The existence of a weak chloro-complex species in LaCl 3 (aq) using Raman spectroscopy in the terahertz region was presented recently. 26 In the most concentrated YCl 3 solution, the mole ratio solute to water is 1 to 15.4 which means that there are not enough water molecules to form a complete second hydration sphere around all ions forcing outer-shell ion pairing. Further experimental support for chloride penetrating into the first hydration shell of Y 3+ and formation of a chloro-complex stems from a recent combined neutron scattering and X-ray scattering study in which information from EXAFS were incorporated 20 into their applied analytical data treatment. This high quality structural study 21 on a 1.0 mol kg −1 YCl 3 (aq) showed that Y 3+ is hydrated by seven water molecules and one chloride ion, forming an inner-sphere ion complex in which the water molecules maintain angular configurations consistent with a square antiprismatic configuration. In an earlier EXAFS study on YCl 3 (aq) and YCl 3 (aq) plus an excess of LiCl, it was also demonstrated that Cl − leads to chloro-complex formation in concentrated YCl 3 solutions. 
Y(NO 3 ) 3 (aq)
When nitrate replaces water in the first coordination sphere of a cation, marked changes occur in the spectrum of the ligated nitrate, so that it is possible to differentiate between the modes of the ligated and the unligated nitrate. Nitratocomplex formation has been observed for a variety of divalent and trivalent metals in solutions. [24] [25] [26] [27] [28] The modes of the unligated nitrate, the fully hydrated nitrate, NO 3 − (aq), were measured recently [24] [25] [26] the formation of the nitrato-complex with Y 3+ may be expressed by eqn (8):
and in a possible second step the formation of a di-nitrato complex in concentrated solutions (9):
An estimate of the log β 1 value at ∼0.1 reveals the weak nature of the nitrato-complex in Y(NO 3 ) 3 (aq) at 23°C. Thermodynamic data on the weak nitrato complex formation may be found in ref. 63 . Ultrasound absorption measurements were carried out on yttrium nitrate solutions applying a one-step mechanism and revealed the formation of a mono-nitrato complex. 64 The This equation corresponds to a gas-phase reaction at T = 0 K of isolated molecules with stationary nuclei, but thermochemical measurements are carried out with vibrating molecules usually at 298 K. Comparison of the theoretical with experimental data, therefore, requires correction for the translational, rotational and vibrational energy. For one mole molecules of an ideal gas, one obtains the enthalpy:
HðTÞ ¼ E e þ E t ðTÞ þ E r ðTÞ þ E v ðTÞ þ RT:
Here, E e stands for the electronic energy, E t (T ) the translational energy, E r (T ) the rotational energy, and E v ðTÞ ¼ Nh P i ν i 1=2 þ 1=ðe hνi=kT À 1Þ À Á is the thermal vibrational energy. The gas-phase hydration enthalpy ΔH hyd(g) (T ) is then obtained with an equation similar to eqn (10 
